2 Highlights (<85 characters per highlight; 3-5 highlights needed)  Nitrogen-containing hydrogen gas mix supplied to PEFC dead-ended anode.
Introduction

Hydrogen, ammonia and fuel cells
In the search for alternatives to fossil fuels, hydrogen, H2, is an attractive energy carrier given its high gravimetric energy density (120 MJ kg -1 ). However, its use as a fuel generates a number of concerns, not least the high pressures (~700 bar) or complex cryogenic systems needed to store the gas in reasonable volumes, due to its low volumetric energy density, and the corresponding safety apprehensions associated with the transport and use of a pressurised flammable gas. Consequently, in recent years, hydrogen storage research has focused on chemical storage methods to identify potential materials which exhibit both high gravimetric and volumetric H2 densities [1, 2] .
The ammonia molecule, NH3, contains 17.8 wt% hydrogen and, like H2, is carbon-free at point of use. It is easily liquefied at ambient temperatures and modest pressures (8-10 bar) , and has a volumetric H2 density of 121 kgH 2 m -3 (when liquid). Furthermore, the numerous industrial uses of ammonia, for example in fertilizer manufacture or in refrigeration, mean that a global ammonia transportation infrastructure already exists and that the handling and safety protocols are well established. Thus, ammonia is a promising hydrogen storage candidate if its intrinsic hydrogen content can be accessed for use.
Several techniques can be used to decompose ammonia to release the hydrogen contained within. In the field of catalysis, traditional ammonia decomposition catalysts use expensive transition metals (e.g. Ru, Ni) loaded on to high surface area support materials. Recently, however, a new class of inexpensive catalyst has been identified [3] [4] [5] , based upon light metal amides and imides, which is able to effectively decompose ammonia to its constituents, hydrogen and nitrogen, at atmospheric pressure and at moderate temperatures (Equation 1):
2NH3 → 3H2 + N2
Δhf = 46 kJ mol -1 (1) Significantly, this decomposition reaction produces no greenhouse gases or atmospheric pollutants (COx, SOx or NOx). When the ammonia decomposition reaction is taken to completion, the product gas is a mixture of hydrogen and nitrogen in a welldefined 3:1 (or 75%:25%) H2:N2 mole ratio. Such a gas composition has implications for the downstream use of this hydrogen-containing fuel.
Fuel cells are attractive alternative energy sources, given their zero-carbon emissions at point of use. These efficient electrochemical devices convert chemical energy to electrical energy, using a fuel (typically H2) and an oxidant (typically O2 in air), and are being considered for a broad range of applications including those of portable, stationary and automotive power supply. Of particular interest to this study are low temperature, high efficiency fuel cell stacks which, when assembled in a fully insulated system, have the potential to deliver net efficiency gains. Specifically, the two relevant types are alkaline fuel cells (AFCs) and polymer electrolyte fuel cells (PEFCs). AFCs are partially ammonia compatible [4] , and have a long development history [5] having been used on the Apollo space missions; in spite of this, they are not widely commercially available. Consequently, a PEFC was selected for this work as it is considered the leading low temperature power-generating technology for use with hydrogen fuel, can be bought off-the-shelf. However, PEFCs are designed to operate with a high purity (>99.995%) H2 gas supply to the anode. By the very nature of the decomposed ammonia product gas mix containing 25% N2, and with hydrogennitrogen separation methods being prohibitive in terms of both pressure requirements and cost, there are significant operational challenges that need to be overcome if an impure hydrogen supply is to be used as the fuel for a PEFC. Here, we address these challenges, and aim to identify a PEFC purge strategy suitable for use with a hydrogen gas stream containing up to 25% N2.
A schematic overview of the whole process is shown in Fig. 1 , with the red inner box highlighting the work under consideration here. Fig. 1 . Schematic of ammonia-hydrogen-PEFC system, highlighting (in red) the fuel cell purge strategy component under consideration. 
Dead-ended anode operation
NH 3
A simple calculation using the Nernst equation, that takes into account the reduced hydrogen partial pressure as a result of the 25% N2 gas content, indicates [6] that there is only very minor impact (<0.3%) upon the maximum possible open-circuit voltage of the whole stack. This demonstrates that it should theoretically be possible to operate a PEFC with a 75H2:25N2 gas mix, however, there are some additional concerns, especially when the fuel cell is operated in dead-ended anode mode.
Dead-ended anode (DEA) operation is a common method [7, 8] for operating PEFCs as it can simplify the fuel cell system design, potentially avoiding flow meters, humidifiers, and huge hydrogen losses (slippage) if recirculation is not used. It employs a single pressure regulator before the gas inlet to the stack and a purge valve after the anode outlet. However, when operating in dead-ended mode, performance decay can occur (even when using 100% H2) and intermittent purging of the anode chamber is required to replenish the hydrogen fuel supply and thus sustain effective operation. This gradual voltage loss has been measured and modelled [8] [9] [10] [11] [12] , highlighting the influence of several factors. Nitrogen cross-over from cathode to anode (the permeation factor where N2 is derived from the air) is of particular relevance and has been shown to increase with increasing current density and temperature [10, 13, 14] . It leads to nitrogen 'blanketing', where N2 accumulates in the centre of anode cells, thereby blocking H2 access to the active surface [15] . Within the anode flowfield, water has been shown, by neutron imaging [16, 17] and by the use of a transparent cell [18] , to accumulate towards the exhaust ends of the cells. However, very few groups have considered the optimisation of dead-ended anode operation using diluted hydrogen feedstocks. Specifically Nachiappan et al. [19] considered the impact of dilution with CO2 or N2 impurities upon the polarisation curve, while Um et al. [20] used computational fluid dynamics modelling to explore the hydrogen dilution effects of reformate gas (containing CO2 and N2) yet neither of these studies reported voltage degradation. Additionally, only one other study by Yu et al. [21] has examined the role of nitrogen in the hydrogen gas stream supplied to the anode, and even then Yu et al. only considered a 99.2H2:0.8N2 gas mix. Therefore, this work aims to extend our knowledge of the impact of nitrogen within the hydrogen (anode) fuel stream in order to design a relevant purge strategy for the ammonia decomposition product gas mix that could give insight into the applicability of combining an ammonia cracking system with a PEFC. Furthermore, in DEA mode, the N2 dilution effect is amplified with time, thus as the hydrogen supply is consumed, the passive nitrogen gas becomes more concentrated as it cannot leave the anode chamber. The approach adopted here aims to minimise any voltage loses to avoid irreversible damage to the cell whilst also limiting any fuel loses due to excessive purging. In other words, this task must identify a balance between the dead-ended interval (when the purge valve is closed) and the purge interval (when the purge valve is open), with respect to current density, to deliver an optimised fuel cell system.
Design of Experiment methodology
In practice, individual fuel cell systems will require specifically tuned operating
conditions. An effective way of identifying a suitable dead-ended anode purge strategy is to use the Design of Experiment (DoE) methodology. This creates a factorial experimental plan which increases productivity by both minimising the number of test runs required and also maximising the accuracy of the results obtained [22, 23] . As fuel cells have a wide range of component options and operating conditions, DoE has been used extensively for analysis of material properties [24] , improvement of bipolar plate design [25, 26] , and optimisation of membrane electrode assembly composition [27, 28] (including membrane type, platinum loading, Nafion impregnation in the electrode and gas diffusion layer assessment). DoE has also been used to improve the performance of fuel cell systems by maximising the power output and overall system efficiency [29] [30] [31] .
This work identifies the baseline PEFC performance using both pure H2 (denoted 100% H2) and variable H2:N2 feed gas compositions (denoted xH2:yN2 where x and y vary between 95%-75% and 5%-25%, respectively). Once the baseline performance was understood, in both through-flow and dead-ended anode mode, the DoE methodology was employed to identify the optimum dead-ended anode operational conditions to maximise the stack efficiency, minimise long term stack degradation, and thus determine an optimised purge strategy with the most suitable current density, dead-ended interval and purge interval for a 75H2:25N2 gas feed. 
Experimental
Results and Discussion
Identifying dead-ended anode performance
Before implementation of the DoE methodology, an initial series of experiments were undertaken to assess the effect of increasing the N2 content, in the anode gas supply, upon the fuel cell performance. Firstly, in through-flow mode, the current-voltage data was collected using pure H2 whilst increasing the current density in 50 incremental steps between 0.00 and 0.56 A cm -2 , with a 15 s dwell at each step. The resultant polarisation curve (Fig. 3a) allows determination of a region of constant change between 0.18 A cm -2 and 0.36 A cm -2 which is defined as the area of interest for the remaining study. This coincides with the centre of the ohmic region and thus ensures avoidance of mass transport limitations which would negatively impact upon any deadended event [32, 33] . Secondly, in dead-ended mode, the impact of changing the H2:N2 ratio on the mean cell voltage was investigated at a constant load of 0.36 A cm -2 ( Fig. 3b) . In this series of tests a steady-state cycle was created where the typical voltage degradation dataset for each H2:N2 ratio was collected over five "purge-measure" cycles. In order to avoid causing long term damage to the fuel cell stack, purging was triggered when the During these initial experiments it became apparent that a buffer volume was required immediately upstream of the fuel cell to dampen the effect that opening/closing the purge valve has upon the gas pressure within the test system. Fig. 4 illustrates this response and shows that after the buffer volume was connected in series the fuel cell performance stabilises and the experimental error between cycles reduces substantially. In the case of the 75H2:25N2 gas mix at 0.36 A cm -2 , the steady-state cycle time also extends by 2 s before the 0.5 V voltage decay threshold is reached (Fig. 4b) . All subsequent dead-ended anode DoE measurements, therefore, were undertaken in the presence of the buffer volume as this allows collection of repeatable datasets and thus reliable evaluation of stack efficiency and power density. 
Stack efficiency and power density calculation
Stack efficiency and power density are two parameters which can be used to evaluate the performance between different dead-ended anode operating conditions during DoE testing. Here, the stack efficiency, , is defined according to Chen et al. [9] as follows (Equation 2):
where is the mean cell voltage, j the current density, A the electrode crosssectional area, m the number of DEA cycles being considered, ttot the total operating time (where ttot = m · tcycle and tcycle the duration of a single DEA cycle), Δhf the lower heating value (LHV) enthalpy of formation of H2, 2 the number of moles of hydrogen consumed, and 2 the number of moles of hydrogen lost (i.e. the amount of un-used hydrogen that is vented during a purge).
The amount of hydrogen consumed, 2 , during a DEA cycle is obtained using Faraday's law for a given current density and cycle duration (Equation 3):
Meanwhile, a calculation of the hydrogen lost, 2 , also needs to account for the amount of nitrogen inside the anode flow-field. Indeed, 2 depends on anode pressure, temperature, purge interval, the condition of channel flooding and the amount of nitrogen blanketing [9] . Furthermore, Chen et al. [9] show, through modelling, that distinct regions of a dominant gas composition form in particular localities within the anode channels during operation: a H2-rich region develops near the anode inlet with the same composition as the inlet fuel mix, and a 100% N2 blanket region accumulates towards the anode outlet, and that the boundary of these regions is in dynamic response to the time point in the purge cycle. 
According to the literature, the N2 accumulation rate at the anode via permeation from the air is 0.01 -0.03% s -1 [33, 34] . However, in this study the N2 accumulation rate at the anode caused by the composition of the fuel itself is substantial (e.g. 21% s -1 at a current density of 0.25 A cm -2 for the 75H2:25N2 gas mix). Consequently the N2 accumulation rate via permeation from air in the cathode is negligible and its contribution to Equation 3 can effectively be ignored.
The nitrogen blanketed volume, 2 , in the anode compartment can be estimated from the ideal gas law (Equation 5):
where Tcell is the cell temperature, Patm the atmospheric pressure and Panode the average anode over-pressure during the DEA cycle. The time taken to purge the accumulated nitrogen, , 2 , is then estimated from the volumetric purge flow rate, ̇ (Equation 6):
Combining all these components allows the number of moles of hydrogen lost, 2 , to be expressed as (Equation 7):
where is the purge interval, 2 the molar fraction of hydrogen in the fuel mix and the molar volume of gas at STP (0 °C, 1 atm).
Meanwhile, the average power density, , over m cycles is given by Equation 8:
Having identified the components needed to calculate the stack efficiency (Equation 2) and the average power density (Equation 8), Table 1 summarises the physical constants used in these calculations. Given the 75H2:25N2 fuel composition and DEA operating conditions, MATLAB® coding was used to process the resulting data during the DoE analysis. 
Impact of current density on stack performance
The effect of varying the load on DEA operation using the 75H2:25N2 fuel is examined in Fig. 5a . As before, a series of steady-state cyclical tests were used to determine the voltage degradation at particular current densities. These data show that as the load increases, the extent of voltage decay also increases (e.g. it takes 7 s to trigger the purge valve at 0.18 A cm -2 but only 2 s at 0.36 A cm -2 ). This observation can be reconciled by the fact that for every 3 moles of H2 consumed there is 1 mole of N2 that accumulates in the anode channel, coupled to the fact that Faraday's Law (Equation 3) states that H2 consumption increases with current density, thus N2 accumulation also increases in proportion to current density and leads to more rapid voltage losses. These results indicate that stack efficiency is a suitable parameter to use to assess DEA fuel cell performance, with DoE optimisation of this parameter an appropriate means of identifying the ideal operating conditions.
Optimisation of the stack efficiency using Design of Experiment methodology
In order to mitigate against voltage and fuel loses when using the 75H2:25N2 gas mix, a DoE methodology was employed to identify a suitable purging strategy. Given that the current density also affects the stack efficiency (in terms of the non-linearity of the voltage decay process), the influence of purge interval, dead-ended interval and current density were selected as the variables of interest. An experimental plan with 2 levels (-1) and (+1) was considered for these three parameters, with stack efficiency used as the assessment (response) parameter ( Table 2 For the experimental plan the purge interval, dead-ended interval and current density are coded X1, X2, and X3, respectively. This gives three factors at two levels; therefore, 2 3 runs were undertaken for the factorial study. A standard orthogonal array [35] was created, which allows for assessment of secondary interactions which can occur when the effect of one factor depends on the level of another factor ( Table 3 ). The stack efficiency response (Y1) was calculated over 10 repeatable dead-ended cycles. Factorial plan Analysing these responses shows that the highest stack efficiency was obtained for the lowest purge interval, yet highest purge duration and current density (Run 7, Y1 = 0.4265), and the lowest stack efficiency was obtained for the highest purge
interval, lowest dead-ended interval and current density (Run 2, Y1 = 0.2807)
conditions. This provides an initial indication as to what weighting should be applied to each parameter.
Additionally, three repeat runs were undertaken (Runs 9, 10 & 11 in Table 3 ) which correspond to three batches of experiments at the centre of the domain (hence the assignment of '0' in the Table 3 ). These data were used to validate the model since these experimental conditions were not used in the original coefficient calculation process. They also verify that the measurements are reproducible and possess a low standard deviation ( = 0.00895). As the standard deviation is significantly below the mean response (Y1 = 0.3805), it is possible to build multi-linear models to study the effect of the different factors upon the response. AVL CAMEO™ software (2014, v3.7)
was used to calculate these coefficients, and generate the surface response plot.
Adding quadratic effects using the three repeats enhances the accuracy of the prediction in the centre of the domain. Only coefficients greater than the experimental error ( The weight of the primary coefficients shows that increasing the purge interval reduces the stack efficiency, whereas increasing the current density and dead-ended interval increases the stack efficiency. However, the secondary terms show that although a combination of increasing the current density and purge duration will slightly increase the stack efficiency, the equivalent combination of increasing the current density and the dead-ended time will decrease it. Overall the current density has the greatest effect; however, the influence of the other parameters cannot be ignored entirely.
The AVL CAMEO™ modelling software identified a maximum, based upon the findings of Equation 9, which corresponds to an optimum constant current density of 0.36 A cm -2 (X3 = +1). This surface response plot is shown in Fig. 7 . A close examination of this surface shows that the maximum stack efficiency (η = 0.4305) is predicted to be achieved for a dead-ended interval of 1.47 s and a purge interval of 0.20 s. This improvement, predicted by the DoE methodology, is close to the stack efficiency obtained when using 100% H2 and indicates that the operation of a PEFC using a 75H2:25N2 gas feed is viable (Table 4 ). Further investigations are planned, with a particular focus to accurately match the purge interval with the time taken to purge the accumulated nitrogen, fuel cell stack, when exposed to the nitrogen-containing hydrogen feed gas, and the impact, if any, this may have upon water management in the fuel cell.
Summary
This study examines the effect of nitrogen content within the hydrogen fuel supplied to a polymer electrolyte fuel cell operating in dead-ended anode mode, with a view to using an ammonia decomposition product gas mix (containing 75H2:25N2) as the hydrogen-containing fuel. The impact of this impure hydrogen stream is assessed in terms of mean cell voltage and in relation to actual operating conditions (purge interval, dead-ended interval and fuel cell load). As the nitrogen content in the fuel supplied to the H-100 fuel cell anode increases, the rate of voltage degradation increases, indicating that voltage loss is correlated to N2 accumulation in the anode channels.
This effect is extended when the current density increases. Design of Experiments methodology, using multi-linear models, is effective at assessing the role of the primary operating parameters (purge interval, dead-ended interval and current density) and identifying if any secondary or quadratic effects exist. The resultant surface response plot shows that stack efficiency is heavily influenced by the current density, and identifies the conditions for a viable purge strategy for use with the ammonia decomposition product gas mix. Consequently, this PEFC purge strategy extends the potential for the ammonia molecule as a hydrogen storage vector in the alternative energy marketplace, bringing its use in environmentally sustainable portable, transport and off-grid power generation applications one step closer.
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